Unlike other essential dietary trace elements, selenium exerts its biological actions through its direct incorporation into selenoproteins, as a part of the 21st amino acid, selenocysteine. Fundamental studies have elucidated the unique structures and putative functions of multiple co-translational factors required for the incorporation of selenocysteine into selenoproteins. The current challenge is to understand how these selenocysteine incorporation factors function within the framework of translation. In eukaryotes, co-ordinating nuclear transcription with cytoplasmic translation of genes is a challenge involving complex spatial and temporal regulation. Selenoproteins utilize the common cellular machinery required for synthesis of non-selenoproteins. This machinery includes the elements involved in transcription, mRNA splicing and transport, and translational processes. Many investigators have emphasized the differences between the expression of selenoproteins and other eukaryotic proteins, whereas this review will attempt to highlight common themes and point out where additional interactions may be discovered.
Introduction
The family of selenoproteins exhibits diversity of form, function, distribution and evolution. While many of the first described selenoproteins were enzymes that used the redox potential of selenium in the enzyme's active site, the more recently identified selenoproteins have been suggested to serve a wide variety of functions, including structural, transport, signalling and enzymatic, or undefined roles [1] . Individual selenoproteins can be intracellular, transmembrane, or secreted proteins [1, 2] . Expression of selenoproteins ranges from ubiquitous to tissue specific. Selenoproteins are found within the archaea, eubacteria and eukarya, but they are not represented equally by all groups within the three major kingdoms of life [3] [4] [5] [6] [7] [8] [9] . In addition, there are major differences in the mechanisms by which selenoprotein synthesis occurs in prokaryotes versus archaea versus eukarya [3, 5, [10] [11] [12] . This review will focus on mammalian selenoprotein synthesis, with an emphasis on understanding how the unique challenges of selenium incorporation occur within the context of general translational mechanisms.
translational factors required for eukaryotic selenoprotein biosynthesis ( Figure 1 ). In mammals, dietary selenium is metabolized to selenocysteine, the 21st amino acid [13] . Two selenophosphate synthetases, SPS-1 and SPS-2, catalyse the conversion of selenide and ATP into selenophosphate, the active selenium donor in selenocysteine biosynthesis [14, 15] . Selenocysteine is encoded by UGA, one of the canonical 'stop' codons. A specific tRNA, selenocysteyl-tRNA
[Ser]Sec , is responsible for decoding UGA, allowing the co-translational incorporation of selenocysteine into selenoproteins [16] . Secondary structures in the 3 -untranslated regions of selenoprotein mRNAs, termed SECIS (selenocysteine insertion sequence) elements, are also absolutely required for selenocysteine insertion [17] . Additional selenocysteine incorporation factors that were identified by Sec-tRNA [Ser] Sec binding include an EF (elongation factor) specific for selenocysteyl-tRNA
[Ser]Sec , EFsec [18, 19] ; a 43 kDa RNA-binding protein, SECp43 [20] ; and an auto-immune chronic hepatitis antigen, that is also known as SLA (soluble liver antigen)/ LP (liver protein) [21] . Other protein factors that bind the selenoprotein mRNA at the SECIS elements include SBP2 (SECIS-binding protein 2) [22] and a ribosomal protein L30, also referred to as rpL30 [23] . The unique features of selenocysteine incorporation in eukaryotes have been reviewed previously [24] . Herein, we will focus on the mechanisms and strategies common to selenoprotein gene expression and that of other eukaryotic genes.
Common themes in eukaryotic gene expression
Although selenocysteine biosynthesis and incorporation require some unique factors, co-ordinating nuclear transcription with cytoplasmic translation of all eukaryotic genes is a challenge requiring precise spatial and temporal regulation. Selenoproteins and other eukaryotic gene products share the common cellular machinery required for transcription, mRNA splicing and transport and translational incorporation of the other 20 amino acids. Comparisons of the expression of selenoproteins and other eukaryotic proteins have revealed common strategies to ensure fidelity and proper regulation. These common strategies include: processing and nuclear export of mRNA, aminoacylation of appropriate tRNAs, initiation, elongation and termination of translation and the recycling of translational cofactors. Ultimately, determination of the precise molecular overlap between the selenocysteine incorporation and the translational machinery in the cell should shed light on the coregulation of these processes.
Supramolecular complexes organize and regulate biological processes
Biological processes depend on the dynamic network of interacting proteins within a cell. A full understanding of the function of an individual protein is dependent upon a broader appreciation of the proteins and/or the nucleotide partners that it interacts with in functional complexes. Considerable information about protein-RNA and protein-protein interactions within the ribosome has advanced our understanding of translation processes at the molecular level. The ribosome is the most extensively studied supramolecular complex, and its role as both the stage for and as the director of translation is undisputed [25, 26] . The ribosome has also been implicated in preserving the fidelity of the genetic code through proofreading of the codon and anti-codon juncture [27, 28] . Ribosomal studies highlight the emergent properties of proteins and nucleic acids functioning together as supramolecular groups. Several studies have provided evidence for the existence of other supramolecular translation complexes, consisting of ribosomes, mRNA, EFs, amino-acyl tRNAs and amino-acyl tRNA synthetases [29] [30] [31] . Similar supramolecular complexes for selenoprotein mRNAs, including the factors specific to Sec-tRNA [Ser] Sec charging and modification, and selenocysteine incorporation, could contribute significantly to the efficiency of selenoprotein synthesis.
Our hypothesis that selenocysteine biosynthesis and incorporation may be mediated through supramolecular complexes is gaining credibility, based on binding assays and co-immunoprecipitation studies of the following nucleotideprotein and protein-protein interactions. As previously mentioned, Sec-tRNA
[Ser]Sec interacts with EFsec [19, 32] , SLA/LP [21] and SECp43 [20] . SECIS elements in the 3 -untranslated regions of selenoprotein mRNAs are bound by SBP2 [22] and rpL30 [23] . SBP2 also binds to 28 S rRNA. 
Aminoacylation of appropriate tRNAs ensures fidelity in decoding
Aminoacyl-tRNA synthetases (aaRSs) have the ability to add amino acids, proofread, and edit or modify the amino acid attached to a specific tRNA, based on characteristics of the particular tRNA found both at the anti-codon site and other identity determinants [34, 35] . To ensure fidelity in the genetic code, 20 distinct aaRS-driven systems are required [36] . In order to decode UGA (stop), the selenocysteyltRNA is prepared in stages: first serine is added to tRNA with an anti-codon that will decode UGA, and then the seryl group is modified to a selenocysteyl group [37] . A phosphoseryl-tRNA intermediate and the enzyme catalysing its biosynthesis have been identified, but the role of this intermediate in selenoprotein synthesis has yet to be elucidated. The process of converting the seryl into the selenocysteyl group may be analogous to the proofreading/modification process required to ensure fidelity in the genetic code for amino acids that are too chemically similar (i.e. isoleucine/valine or valine/threonine) to be distinguished Putative selenocysteine biosynthesis and incorporation complexes shuttle through the nuclear pore and assemble on selenoprotein mRNAs to catalyse cytoplasmic selenoprotein biosynthesis. eIF4G, eukaryotic initiation factor 4G.
routinely by the aaRS [38] . Conserved identity determinants have been characterized for the low abundance SectRNA
[Ser]Sec [39, 40] , suggesting that there has been selection to preserve a distinct molecular identity for Sec-tRNA
[Ser]Sec [11] .
Processing and nuclear export of mRNA are co-ordinated to prevent translation of improperly processed mRNAs
Following nuclear transcription in eukaryotes, a co-ordinated series of mRNA processing steps culminates in the nuclear export of mature mRNA for translation in the cytoplasm [41] . Selenoprotein mRNAs are similarly processed and must circumvent NMD because they posses one or more UGA codons at the site of selenocysteine incorporation. The codon-sites of selenocysteine incorporation may be perceived as premature termination codons by RNA surveillance machinery [42] [43] [44] . Under circumstances of low selenium, selenoprotein mRNA is degraded through NMD [45, 46] . Interestingly, selenium-deficient conditions result in degradation of different selenoprotein mRNAs at unequal rates [47] [48] [49] [50] . The requirement of a SECIS element for UGA decoding in selenoprotein synthesis suggests that translational cofactor binding may precede selenoprotein mRNA export and ribosome binding in order to circumvent NMD. Our current hypothesis regarding the involvement of co-translational factors in shuttling selenoprotein mRNAs from the nucleus to the cytoplasm is supported by results describing NLSs (nuclear localization sequences) and NES (nuclear export sequences) on certain selenocysteine biosynthesis and incorporation factors, as depicted in Figure 3 
Termination of translation at appropriate sites prevents non-functional proteins
Selenoproteins must circumvent premature termination in order to incorporate selenocysteine at UGA [52, 53] . In eukaryotes, the termination of translation at stop codons is co-ordinated by RFs (release factors) and RRFs (ribosome recycling factors). EFsec, the selenoprotein EF, may compete with the RFs and RRFs to prevent termination. Evidence that selenocysteine incorporation at the UGA codon is contextsensitive has lead to a proposed model involving a ribosomal pause at the UGA site to facilitate selenocysteine incorporation [54, 55] . Selenoprotein mRNAs do contain authentic stop codons, otherwise the polypeptide could extend beyond the open reading frame. Selenoproteins rarely use UGA as the authentic stop, which could lead to a ribosomal read through. Exceptions are within the selenoproteins where the authentic stop is sufficiently close to the SECIS element, as it would preclude the selenocysteine incorporation at that site [56] .
Recycling of translational cofactors is energetically favourable
The recycling of cofactors after termination of translation in eukaryotes is not well understood. In eukaryotes, the recycling process is believed to be co-ordinated by RRFs and EF-G (elongation factor-G) [57] . However, post-termination complexes have been recovered, which contain mRNA, the P-site-bound deacylated tRNA, and an empty A-site [58, 59] . Recycling of the factors involved in selenocysteine biosynthesis and incorporation may be important in increasing the efficiency of selenoprotein expression. The interactions of SBP2 and rpL30 with the ribosome suggest that some or all of the selenocysteine incorporation complexes remain associated with the ribosome during ribosomal recycling [23] . Future studies will determine if the enzymes responsible for regeneration of the Sec-tRNA [Ser] Sec , which appear to associate as a supramolecular complex, stay associated or are recycled as individual factors.
Towards an understanding of selenoprotein biosynthesis and incorporation
To understand the role of the individual factors in selenocysteine biosynthesis and incorporation, we must understand the full range of interactions that occur among these unique factors as a complex and between the selenocysteine incorporation complexes and the supramolecular complexes involved in eukaryotic translation. This leads to a conclusion, which is a set of questions: can we isolate and resolve the putative supramolecular complexes responsible for selenocysteine incorporation? Does Sec-tRNA 
